ABSTRACT Restriction fragment-length polymorphism analysis of mitochondrial DNA (mtDNA) was used to characterize the genetic variation and population structure of the human bot ßy, Dermatobia hominis (Diptera: Cuterebridae), in parasite populations from cattle in southeastern, southern and central regions of Brazil. Forty-eight haplotypes with a nucleotide sequence divergence of 2.75% were found among 227 individuals. Haplotypes could be divided into three clades, with interclade variation ranging from 0.94% to 2.00%. The degree of differentiation obtained suggests that the mitochondrial clades may have differentiated in allopatry, and that their contemporary pattern of distribution probably results from secondary contact of isolated populations, reinforced by the introduction and movement of livestock in South America.
THERE ARE SOME 20 species of obligate myiasis ßies worldwide, whose larvae parasitize the living vertebrates. Of these, Dermatobia hominis L. (Guimarães et al. 1983) , the human bot ßy, is remarkable in its ability to parasite both humans and livestock. Larvae of D. hominis penetrate the hostÕs skin without need for lesions and produce a furuncular myiasis, developing in the subcutaneous tissue of the host during most of their life-time (review in Guimarães et al. 1983, Hall and Wall 1995) . Although there is usually just one larva per myiasis, infestations can be intense, causing great economic loss and health problems. For this reason, D. hominis is considered the most important agent of primary myiasis in cattle and one of the most important livestock pests in Latin America (Guimarães et al. 1983 , Sancho 1988 , Thomas 1988 . This species, an inhabitant of forests, is endemic from northern Mexico to southern Argentina, except Chile (Guimarães et al. 1983) .
Dermatobia hominis has two characteristics that make it distinctive from other myiasis ßies. Although most myiasis ßies are host speciÞc, the human bot ßy may infect a variety of vertebrates. The second and most fascinating characteristic is the use of an intermediate vector for dispersal. Adult females oviposit on the abdomens of carriers, usually zoophilic ßies or mosquitoes, during ßight. When the carrier settles on a warm-blooded animal, the eggs hatch in response to heat, releasing the larvae that rapidly penetrate the skin (Guimarães et al. 1983, Hall and Wall 1995) . Because adults live only a short time (Ϸ3 d), dispersal may be dependent on the movement of the carriers and hosts. Although there are no genetic studies of natural D. hominis populations, the introduction and movement of livestock in South America have probably modiÞed the original D. hominis population structure, as is believed to have happened to other myiasis ßies (Roehrdanz and Johnson 1988 , Infante and Azeredo-Espin 1995 , Taylor et al. 1996 , Stevens and Wall 1996 .
Because livestock is currently the primary D. hominis host, we assessed the genetic variation and the population structure of this species by analyzing restriction site variation in mitochondrial DNA (mtDNA) using populations derived from cattle. Maternal inheritance, rapid evolution, and high polymorphism among different populations make mtDNA an ideal genetic marker for studying population structure and for estimating variation in species and populations (Avise et al. 1987 ). The information obtained by analyzing the phylogeny of mtDNA haplotypes and their pattern of distribution within a speciesÕ range provides insights into populational processes across ecological and evolutionary time (Avise et al. 1987 , Avise 1994 .
Materials and Methods
Two hundred and twenty-seven larvae of D. hominis were collected from 14 localities in southeastern, southern, and central Brazil ( Fig. 1) : Aragoiânia (n ϭ 13) and Piracanjuba (n ϭ 5) in the State of Goiás, Alfenas (n ϭ 37) and Brasó polis (n ϭ 22) in the State of Minas Gerais, Ponta Grossa (n ϭ 20) in the State of Paraná, and Campinas (n ϭ 8), Garç a (n ϭ 9), Indaiatuba (n ϭ 11), Paraibuna (n ϭ 23), Piracaia (n ϭ 13), Pirassununga (n ϭ 21), Presidente Prudente (n ϭ 15) São Carlos (n ϭ 13), and São Sebastião (n ϭ 7) in the State of São Paulo. The larvae were maintained in sawdust at Ϸ37ЊC. After pupation, all specimens were stored at Ϫ70ЊC.
DNA extraction was done as described by Infante and Azeredo-Espin (1995) . Total DNA was digested with 13 restriction endonucleases (BamHI, ClaI, EcoRI, EcoRV, HaeIII, HindIII, KpnI, MspI, PstI, PvuII, SstI, XbaI, and XhoI) according to the suppliersÕ recommendations. The resulting fragments were separated by molecular weight on 0.8 Ð1.2% agarose gels. DNA/HindIII from phage and DNA/HaeIII from X174 were used as size markers. Gels containing the digested total DNA were transferred to nylon membranes (Hybond-N, Amersham) and hybridization was carried out under standard conditions (Sambrook et al. 1989) , using a probe of Cochliomyia hominivorax mtDNA labeled with ␣ 32 P. Digestion proÞles were visualized by autoradiography and fragment sizes were determined by comparison with comigrating molecular size standards.
The results were transformed into a restriction site matrix using the restriction enzyme analysis package (McElroy et al. 1992) . Sequence divergence (d) between haplotypes and haplotypic diversity, h (the probability that randomly drawn pairs of individuals differ in mtDNA haplotype), were calculated using restriction enzyme analysis package following the procedures of Nei and Miller (1990) and Nei (1987) , respectively. Nucleotide diversity (mean estimated sequence divergence between individuals) and divergence within and between populations were calculated by the restriction enzyme analysis package, based on Nei and Miller (1990) . Mitochondrial DNA differentiation between populations was inferred by the Arlequin program (Schneider et al. 1997) , using the AMOVA method (analysis of molecular variance; ExcofÞer et al. 1992) . F-statistic analogues, which reßect the correlation of haplotypic diversity within and among populations, were estimated. Evolutionary relationships among haplotypes were inferred from restriction site differences. A matrix of genetic distances between pairs of haplotypes was phenetically clustered by the unweighted pair-group method with arithmetic means (UGPMA) (Sneath and Sokal 1973) using the numerical taxonomy and multivariate analysis system program (NTSYS) (Rohlf 1988) . No voucher specimens were deposited.
Results
A total of 51 patterns with 39 polymorphic restriction sites was obtained using the eight informative endonucleases (Table 1) . Five endonucleases (KpnI, PstI, PvuII, XbaI, and XhoI) did not cut D. hominis mtDNA and were not included in further analyses. Representative gel proÞles are shown in Fig. 2 . Each fragment pattern for a speciÞc endonuclease was assigned a letter in the order they were discovered. Transformation series reßecting probable steps for interconversion of the restriction patterns are shown in Figs. 3 and 4. For most of the endonucleases, differences between the mtDNA digestion proÞles were attributable to single site gains or losses. There were three exceptions, one of them being EcoRI, for which it was necessary to posit three site changes between patterns to account for proÞle interconversions. The second exception was pattern F of MspI, which represented the linearized mtDNA, and could have been derived from any other pattern that had two restriction sites (B, C, D, or E), and the third exception was pattern L of HaeIII, that could have been derived from patterns A, B or I. Three individuals showed patterns F of HaeIII and H of MspI, which differed only by 0.4 kb from pattern A of the respective endonucleases. Partial digestion of pattern A showed that this variation resulted from a difference in molecule length. There was not enough sample from individuals with pattern H of HaeIII for their total haplotype to be analyzed.
Forty-eight mtDNA haplotypes were observed among the 227 individuals assayed (Table 2) . A transformation series that relates the haplotypes using parsimony criteria is shown in Fig. 5 . This cladogram is unrooted and was constructed manually, Þrst clustering those haplotypes that differed by only a single restriction site, and then adding the more peripheral ones. Possible origins of haplotypes 4 and 22, that have pattern F of MspI, are indicated. As shown, there are three groups of haplotypes separated from each other by Þve or eight mutational steps. In some cases, the same site change appeared in haplotypes of different groups, reßecting possible homoplasies. A simpliÞed character matrix containing only the phylogenetically informative restriction sites was used to generate an unweighted pair-group method with arithmetic average phenogram (Fig. 6 ). Phylogenetic analysis conÞrmed that the haplotypes clustered in three distinct groups, refereed to here as clades I, II, and III. Clade I is consisted of 30 haplotypes (189 individuals) that showed pattern A for EcoRI. One haplotype (2) displayed the closely related pattern D. In addition, these haplotypes had pattern A for most of the other endonucleases. Clade II contained 12 haplotypes (19 individuals) characterized by pattern C of EcoRI, in as- Fig. 2 . Representative EcoRI digests of mtDNA from D. hominis. In each gel, the Þrst lane from the left represents the molecular weight standards, some of which are identiÞed (in kbp) in the margins. Indicated patterns are described in Table 1 . When the samples were considered together, the haplotypic diversity (h) was 0.76 and the nucleotide diversity () was 2.75%. For clade I, h ϭ 0.81 and ϭ 0.85%, for clade II, h ϭ 0.92 and ϭ 1.41%, and for clade III, h ϭ 0.72 and ϭ 0.54%. The sequence divergence were 1.37% between clades I and II, 0.94% between clades I and III, and 2.0% between clades II and III, after correction for mean within-clade diversity (Nei 1987 ).
The distribution of haplotypes among the populations is given in Table 3 . Of the 48 mitochondrial haplotypes, 15 were shared by most populations. Five (1, 3, 4, 13, and 18) occurred at a high frequency and 10 were considered rare (Ͻ5% of the sample). The other 33 haplotypes were restricted to single localities, with 25 of them appearing only once in the sample. Haplotypic diversities within localities ranged from 0 to 0.91, with a mean of 0.81 (Table 4) . Nucleotide diversity ranged from 0 to 2.85%, with a mean of 1.67%. The Piracanjuba site was not included in estimates of the mean diversities because the lack of diversity at this location was considered a sampling artifact. The Þve individuals analyzed showed the most common haplotype of the study collected at all locations. In the AMOVA analyses the high level of mtDNA variation in D. hominis was attributed to differences within populations (95.4%); only 4.6% was attributed to differences among populations. The Fst was estimated as 0.05.
Discussion
The length of D. hominis mtDNA, estimated as 17.0 kb, is close to that of other myiasis ßies (Roehrdanz and Johnson 1988 , Goldenthal et al. 1991 , Infante and Azeredo-Espin 1995 , Azeredo-Espin and Madeira 1996 , Valle 1997 . The signiÞcant Þnding of this study was the presence of three distinct mtDNA clades in this species in Brazil. The presence of mitochondrial clades was previously described in Cochliomyia hominivorax Coquerel (Taylor et al. 1996) . One of the clades was represented in North and Central America, the second one was represented in South America and the third in Jamaica, with a mean divergence within the clades of 0.3%. The clades of D. hominis showed a higher intraclade genetic polymorphism, which increased the variability of the whole species. The nucleotide diversity of 2.75% was greater than in other myiasis ßies. Indeed, the nucleotide diversities of clades I and II were comparable to those for C. hominivorax in North America ( ϭ 1.1%, Roehrdanz and Johnson 1988) and for Brazilian populations from the State of São Paulo ( ϭ 0.92%, Infante and AzeredoEspin 1995) . The nucleotide diversity of clade III was comparable with that for C. macellaria F. in Brazil ( ϭ 0.5%, Valle 1997) , and for C. hominivorax in North, Central and South America ( ϭ 0.64%, Taylor et al. 1996) .
Although most of the restriction patterns were uninformative with respect to clade deÞnition within D. hominis, the patterns of EcoRI shared by subgroups of haplotypes supplied unique genetic markers for the identiÞcation of mitochondrial clades. These patterns differed from each other by at least three mutational steps, which decreases their chances of being homoplasious between individuals within clades. Homoplasies are deÞned as states of resembling characters that originated by independent evolutionary changes, and can introduce ambiguities in tree placements of mtDNA haplotypes. The high mutation rate of mtDNA associated with the independence of mutational events increases the occurrence of homoplasies in distinct mitochondrial lineages proportionally to the time of separation between them (Avise et al. 1987) . In this study, there were three patterns that could represent homoplasies between clades. Pattern B of BamHI representing the linearized molecule of mtDNA could have originated from pattern A either by the loss of restriction site B1 or B2. Considering the interconversion of Fig. 5 , it is reasonable to suppose that pattern B shown by haplotype 31 of clade I originated from a mutational event different from that of pattern B exhibited by haplotypes of clade II. For the same reason, patterns L of HaeIII and F of MspI were considered homoplasious. To avoid or minimize ambiguities, the patterns considered homoplasious were used to relate haplotypes within clades, but not as characters to establish a relationship between clades in the interconversion of Fig. 5 or to generate the phenogram in Fig. 6 .
The estimates of divergence between mitochondrial clades of D. hominis, after correction for within clade variability, ranged from 0.94% between clades I and III, to 2.0% between clades II and III. For many animal species, mtDNA clades distinguished by more than a 1% sequence divergence are geographically isolated (phylogeographic category I of Avise et al. 1987) . The most likely explanation of their origins involves long-term, extrinsic barriers to gene ßow, or the extinction of intermediate haplotypes in widely distributed species with limited dispersal and gene ßow capacities (Avise et al. 1987 , Avise 1994 . Although the clades of C. hominivorax did not show complete geographic Þdelity, the overall pattern of distribution Þtted the species in this category (Taylor et al. 1996) . In a few species of vertebrates (Avise et al. 1984 (Avise et al. , 1990 (Avise et al. , 1992 Wayne et al. 1990) , the presence of deep phylogenetic discontinuities in the mtDNA gene tree in the absence of geographic localization of the mtDNA clades (phylogeographic category II) has Table 2 . Descriptions and absolute number (n) of mtDNA haplotypes observed in D. hominis from Brazil been observed. Avise et al. (1987) suggested that this situation most likely results from secondary admixture between allopatrically evolved populations from which the deep splits in the gene tree were derived. Although the mitochondrial clades of D. hominis were sympatric, their frequencies varied among populations, unlike those species belonging to phylogeographic category II. As the boundaries Table 2 ). The tick marks on the connecting lines represent the difference in the number of restriction sites between corresponding haplotypes. Possible origins of haplotypes four and 22 are shown separately. Numbers in parentheses refer to the absolute number of that haplotype in the population. Abbreviations of locations are the same as in Fig. 1 .
between phylogeographic categories are not clearly delimited, because of the degree of divergence of mitochondrial clades and/or their geographic distribution, it seems that D. hominis is in a transition zone among phylogeographic categories I and II.
If the mitochondrial clades of D. hominis had allopatric origins, as suggested for species of phylogeographic categories I and II, this would imply the existence of at least three historically isolated populations. Assuming a constant evolutionary rate for mtDNA of 2% divergence per million years (Powell 1997) , the 1.37% sequence divergence between clades I and II dates the split of these lineages to Ϸ685,000 yr ago. The 0.94% sequence divergence between clades I and III suggests that isolation occurred 470,000 yr ago. Finally, the 2.0% sequence divergence among clades II and III equates to their isolation in the last 1 million years. Given the usual caution about large stochastic errors associated with these estimates, it is nevertheless apparent that the genetic subdivision of D. hominis occurred recently. Although there was no indication of the centers of origin for the mitochondrial clades found in D. hominis, the estimates of divergence coincide with those for divergence between North/Central American and South American clades of C. hominivorax, which correlated with the exchange of land fauna between the continents (Taylor et al. 1996) .
Whatever the origin of the three mtDNA clades, the shared presence of rare haplotypes strongly suggests that there has been recent gene ßow involving females, probably reinforced by the movement of infected cattle in the region. Not only were mitochondrial clades shared among locations, but rare mtDNA haplotypes also commonly appeared in multiple locations. For example, among four individuals exhibiting the rare mtDNA haplotype 6, one derived from Al, one from Pb, and two from Gr (Table 3) . Only eight haplotypes were observed in more than one individual conÞned to a single population, but were insufÞcient for structuring the D. hominis population in the region (Fst ϭ 0.05). The lack of genetic structure associated with the extensive genetic diversity of the populations reinforces the idea of allopatric evolution of these mitochondrial clades. Normally, species that do not exhibit a genetic structure in their mtDNA show little genetic diversity, with a sequence divergence of Ͻ1% between haplotypes. This pattern very likely reßects an intense historical gene ßow or rapid expansion of the population (Avise et al. 1987, Rogers and Harpending 1992) .
Dermatobia hominis proved to be the most polymorphic species of myiasis ßies analyzed thus far. More studies involving samples from Mexico, Central America, and other South American countries are necessary to determine the origin and the distribution pattern of the mitochondrial clades of D. hominis throughout the speciesÕ range. Nevertheless, the lack of population structure and the shared presence of rare haplotypes suggest a recent contact among locations, probably facilitated via livestock movement, particularly because there was no relation between geographic distance and the similarity among populations. The results of the current study indicate that, in terms of parasite control, populations should not be considered independent units, because immigrations will restore local extinctions.
